Keywords: Cardiology Musculoskeletal system Physiology Pharmacology Laboratory medicine Autophagy Mitochondrial oxidative phosphorylation Mitophagy Mitochondrial fission p62 ULK1 Drp-1 Cardioprotection Melatonin
Introduction
The mitochondrion has become a major focus of studies aimed at cardioprotection (for a recent review see ref [1] ). Apart from its well-established role in myocardial energy production, it is also known that these organelles may represent a final common endpoint in several cardioprotective interventions. In this regard, research focus has recently shifted to another facet of mitochondrial behaviour, namely mitochondrial dynamics and the role of their fusion and fission in this regard.
In view of their importance in the regulation of cell fate, stringent quality control mechanisms are in place to ensure a healthy mitochondrial population. Removal of damaged mitochondria occurs via fission with the proteins dynamin-related protein (Drp-1) and mitochondrial fission protein 1 (Fis 1) being important role players. On the other hand, elongation of mitochondria by the process of fusion is controlled by the proteins mitofusin 1 and 2 (Mfn1, Mfn2) and optic atrophy 1 (Opa 1). Cardiac dysfunction in ischaemia/reperfusion (I/R) is associated with an imbalance between mitochondrial fission and fusion (for review see ref [2] ). Numerous studies have shown that during reperfusion, mitochondria undergo fission and that there is a reduction in fusion [2] . Therefore, inhibition of excessive mitochondrial fission and increased incidence of mitochondrial fusion have been proposed as potential protective mechanisms against cardiac dysfunction after I/R injury. The process of degradation and recycling of damaged mitochondria is termed mitophagy, a type of autophagy triggered by reactive oxygen species (ROS), low mitochondrial membrane potential and opening of the mitochondrial permeability transition pore (MPTP) [3, 4] , in which dysfunctional mitochondria are sequestered into autophagosomes and subsequently degraded in the lysosomes. One of the most well-defined mechanisms of mitophagy is the PINK1/Parkin mechanism [4, 5] . However, increasing evidence suggests an alternative non-conventional mitophagy pathway, which may play an important role in protecting the heart against ischaemic stress. A recent study provided compelling evidence for mitophagy mediated by a protein complex consisting of unc-51 like kinase 1 (ULK1), Rab9, receptor-interacting serine/threonine protein kinase 1 (Rip1) and Drp-1 and it was suggested that this alternative autophagy is the predominant form of mitophagy in cardiomyocytes during stress [6] . Their data also suggest that ULK1-Rab9-dependent mitophagy targets depolarized mitochondria using a mechanism distinct from that of PINK1-Parkin dependent mitophagy.
The harmful effects of reactive oxygen species (ROS) production on mitochondrial function and cell death during exposure of the heart to ischaemic stress/reperfusion as well as their effects on initiation of mitophagy, are well-established. In this regard, the cardioprotective effects of melatonin, have been shown by several groups [7, 8, 9] . Melatonin is known as a potent free radical scavenger and mitochondrial-targeted anti-oxidant, while it also functions as a signalling molecule to upregulate gene expression of anti-oxidant enzymes and a spectrum of stress responsive genes (for a review see ref [10] ). It is believed that melatonin also exerts its beneficial effects by keeping the mitochondrial permeability transition pore (MPTP) in a closed confirmation [11, 12] . Recent evidence revealed an intricate relationship between melatonin and its actions and the mitochondrion per se: for example, measurement of the subcellular distribution of melatonin showed that the concentration of the indole in the mitochondria greatly exceeds that in the blood [10, 13] . Moreover, apart from passive diffusion across membranes, it has now been shown that the uptake of melatonin by the mitochondria is mediated by the oligopeptide transporters GLUT transporter/solute carrier family 2A (GLUT/SLC2A10) and PEPT1/2 (SLC15A1/2) [10, 14] . This active transport of melatonin into the mitochondria is proposed to provide cellular protection [10] .
A recent study in mouse brains [15] showed that melatonin can be synthesized in the mitochondrial matrix due to the presence of two key melatonin biosynthetic enzymes, namely arylalkylamine N-acetyltransferase (AANAT) and acetylserotonin O-methyltransferase (ASMT). Melatonin is bound by the high-affinity MT1 receptor located in the outer mitochondrial membrane. It was also demonstrated that melatonin activates the mitochondrial MT1/Gαi protein signal system, blocks adenylate cyclase activity and inhibits stress-induced release of cytochrome C [16] . The significance of the presence of melatonin within the mitochondrion and the ability of this organelle to take up or synthesize this hormone need to be further investigated. The protective effects of melatonin on mitochondria are multiple (for a summary see ref [10] ), for example, it has been demonstrated several years ago that melatonin treatment of isolated hearts protects mitochondrial function against I/R injury [12] . However, the effects of this compound on mitochondrial dynamics under these conditions and their significance in cardioprotection are not known. The aims of this study were therefore to evaluate the effects of melatonin treatment of the isolated ischaemic/reperfused rat heart on the relationship between the mitochondrial oxidative phosphorylation process and autophagy/mitophagy as reflected by using appropriate markers for the PINK1/Parkin and non-conventional pathways. Two concentrations of melatonin were studied, namely a low concentration (0.3 μM) as was used by Lecour et al [17] and 50 μM as was routinely used by Lochner [8] , Petrosillo and coworkers [12] .
Results

Effect of melatonin on infarct size
There were no significant differences between the areas at risk of the various groups ( Fig. 1C (Fig. 1D ). The reduction in infarct size induced by both concentrations of melatonin was associated with an improvement in functional performance during reperfusion as reflected by significant increases in aortic output, cardiac output and work performance (data not shown). Fig. 1 . The effects of melatonin on infarct size. Melatonin (0.3 and 50 μM) administration was given for 10 min immediately before and for 10 min during reperfusion after 35min coronary artery ligation, followed by 60 min reperfusion. Tetraphenyltetrazolium staining was used to assess infarct size which was expressed as a % of the area at risk (A,B).
Effect of melatonin on mitochondrial oxidative phosphorylation function
In order to correlate the mitochondrial oxidative phosphorylation process with mitophagy and the effects of manipulation with melatonin on these parameters, mitochondria were isolated from hearts at different stages of the ischaemia/reperfusion protocol. This allowed evaluation of the effects of ischaemia per se and also those of reperfusion in the absence or presence of melatonin (0.3 μM or 50 μM). Two mitochondrial substrate protocols were used: in the carbohydrate protocol a substrate combination was used for electron flow through respiratory chain complexes I and II (glutamate plus malate); in the fatty acid protocol, respiration was measured with palmitoyl-L-carnitine plus malate. In the evaluation of the data, an ANOVA was initially performed on all parameters. In view of the effect of perfusion per se (as evidenced by comparison of values obtained from mitochondria prepared from hearts without perfusion (baseline) was administered to isolated perfused hearts for 10 min before and for 10 min after ischaemia and mitochondria isolated for subsequent evaluation of mitochondrial oxidative phosphorylation function after (i) stabilization for 30 min (ii) stabilization followed by 20 min global ischaemia and (iii) stabilization, followed by 20 min global ischaemia and 30 min reperfusion. Respiratory activities were measured in the presence of glutamate (5mM) plus malate (2mM) (substrates for complexes I and II) or palmitoyl-L-carnitine (0.45mM) plus malate (2 mM) (mitochondrial fatty acid beta-oxidation substrate). Parameters evaluated were ADP/O ratio (Supplementary file Fig. 1 ); QO2 (State 3) (nAtoms oxygen uptake/mg protein/min in presence of ADP) (A); QO2 (State 4) (nAtoms oxygen uptake/mg protein/min after phosphorylation of added ADP) (B); oxidative phosphorylation rate (nmoles ATP produced/mg protein/min) (Supplementary file Fig. 2 ). Abbreviations: Stb: stabilization; Isch: 20 min global ischaemia; Rep: reperfusion after 20 min global ischaemia. n ¼ 4-6 hearts/group. and those obtained after a stabilization perfusion period of 30 min), all values throughout the perfusion protocol were subsequently compared with values obtained after stabilization.
Apart from a reduction in the ADP/O ratio upon reperfusion of control hearts, the perfusion protocol had no significant effects on this parameter and similar values were obtained in mitochondria isolated from control perfused hearts after the stabilization period, ischaemia as well as after reperfusion. In addition, similar results were obtained regardless of the substrate present in the mitochondrial incubation medium ( Supplementary Fig 1) . Melatonin was without significant effect on this parameter.
Exposure of the heart to 20 min global ischaemia was without effect on mitochondrial oxygen uptake (States 3 and 4), regardless of the substrate combination used. However, reperfusion caused a significant reduction in QO2 (states 3 and 4) with both substrates ( Fig. 2A,B ), as well as a reduction in the oxphos rate (ADP/O ratio X QO2 State 3) compared to ischaemia alone (substrates:glutamate/malate) ( Supplementary fig.  2 ).
Interestingly, melatonin had no significant effects on states 3 and 4 respiration throughout the perfusion protocol ( Fig. 2A,B ) with both substrate combinations, but at 0.3μM melatonin increased the oxphos rate with glutamate/malate as substrates ( Supplementary Fig 2) .
Evaluation of autophagy and mitophagy by western blot analysis
Using western blotting, the expression of the following mitochondrial proteins was evaluated: Parkin, PINK1, TOM70, p62/SQSTM1 (p62), Rab9, DRP-1 (phosphorylated and total), ULK1 (phosphorylated and total), mitofusin and Opa1. The expression of LC3, Beclin, PGC-1α, Sirt1, Drp-1 (phosphorylated and total), ULK1 (phosphorylated and total) and Rab9 was also studied in the cytosol. In addition to these markers two additional proteins, known to be associated with the effects of melatonin, were included in this series namely PGC-1 α and Sirt1 (see Table 1 ). In the initial studies the effects of two melatonin concentrations were evaluated, namely 50 and 0.3 μM, but no marked differences were observed between the effects of the high and low concentrations of melatonin. Therefore for the western blotting data, only the results obtained with the low concentration of melatonin are shown.
Autophagy (Fig. 3)
Cytosolic Beclin 1 and LC3 were used as makers of autophagy during the I/R protocol. Compared to stabilization, ischaemia lowered cytosolic Beclin 1 expression significantly (p < 0.05), while reperfusion was associated with an increase (p < 0.05) (Fig. 3A) . The same response pattern was seen in hearts treated with melatonin, however, when A Fig. 3 . The effect of melatonin on autophagy in hearts exposed to ischaemia and reperfusion. Hearts were subjected to 20 min global ischaemia followed by 30 min reperfusion with and without melatonin (0.3 μM) (see compared with untreated controls, melatonin caused a significant increase in Beclin 1 expression after stabilization, as well as after reperfusion (p < 0.05). Interestingly, the cytosolic LC3 II/I ratio shows the same pattern in the control untreated hearts as Beclin 1 levels, namely a reduction during ischaemia and upregulation during reperfusion ( Fig. 3B) . Similar tendencies were observed in the melatonin treated hearts, but the values did not differ from those of untreated hearts.
Conventional PINK1/Parkin mitophagy (Fig. 4A-D)
The most significant changes were observed in the levels of p62 of mitochondria from untreated control hearts, namely a significantly increased expression during reperfusion, compared to the values obtained after stabilization and ischaemia. The opposite pattern was seen with melatonin treatment, namely a significant reduction after ischaemia The changes in TOM70 levels induced by exposure to I/R, were not significant due to rather large standard errors. Melatonin significantly lowered the TOM70 levels after stabilization (p < 0.05), when compared to its untreated counterparts. In contrast to the untreated controls, melatonin increased TOM70 expression after exposure to ischaemia, without having an effect after reperfusion.
Analysis of Parkin expression showed that ischaemia as well as reperfusion significantly lowered its expression when compared with the reperfusion. Melatonin, however, was without effect when compared with its untreated counterparts.
Alternative mitophagy pathways
In order to evaluate the role of an alternative autophagy pathway in our model of ischaemia/reperfusion and the effects of melatonin thereupon, the expression of ULK1, Rab9 and Drp-1 during an I/R protocol, was determined in both mitochondrial and cytosolic fractions.
ULK1 could not be detected in the mitochondrial fraction of hearts subjected to an I/R protocol (results not shown). However these interventions had a major effect on cytosolic ULK1 (see Fig. 5A ). The expression of total (t) ULK1 was significantly decreased by exposure to both ischaemia (AU: Stb Control-1.5 AE 0.11 vs. Isch Control-0.17 AE 0.05; p < 0.05) and reperfusion (AU: Stb Control-1.5 AE 0.11 vs. Rep Control-0.53 AE 0.076; p ¼ 0.0314) in untreated control groups in comparison to stabilisation. Its levels were significantly higher during reperfusion compared to ischaemia. In untreated controls, the expression of phospho (p)-ULK1 was significantly increased by ischaemia (AU: compared to stabilisation. These were opposite to those observed for t ULK1.
Melatonin administration during stabilisation had significant effects on t ULK1, p ULK1 as well as the p/t ULK1ratio throughout the protocol: for example t ULK1 was significantly increased during stabilization (AU: 0.89 AE 0.14; p ¼ 0.0098) were also significantly increased by melatonin, compared to their untreated counterparts. Due to the reduction in t ULK1, the p/t ULK1 ratio was significantly increased during ischaemia in untreated controls; however despite the significant upregulation in both t and p ULK1 throughout the perfusion protocol by melatonin, it did not cause significant changes in the p/t ULK1 ratio.
In contrast to ULK1, Rab9 was present in both mitochondrial and cytosolic fractions (Fig. 5B ). In the mitochondria, exposure to ischaemia caused a significant reduction in Rab9 expression (AU: Stb Control-1.5 AE 0.23 vs. Isch Control-0.71 AE 0.067, p < 0.05), when compared with its corresponding stabilisation control. This was followed by a significant The distribution patterns of Drp-1 in the mitochondria and cytosol showed marked differences (Fig 6A,B) . In the mitochondria isolated from untreated control hearts, the changes in expression of t and p Drp-1 as well as the p/t ratio during the perfusion protocol were insignificant. Melatonin treatment significantly reduced the expression of t and p Drp-1 B Fig. 6 . (continued).
at certain stages throughout the protocol: t Drp-1 levels were decreased in the stabilisation melatonin group compared to its untreated control (AU: Stb Control-2.5 AE 0.42 vs. Stb MEL-0.93 AE 0.16, p ¼ 0.0137); similarly p Drp-1 in the stabilisation (AU: Stb Control-6.0 AE 2.1 vs. Stb MEL-1.5 AE 0.44; p ¼ 0.0249) and ischaemic groups were significantly lower than their respective control counterparts. Melatonin significantly reduced the p/t Drp-1 ratio throughout the perfusion protocol when compared to the untreated controls.
Different Drp-1 distribution patterns were observed in the cytosol: an increase in t Drp-1 was observed during reperfusion only, accompanied by a reduction in p Drp-1 as well as the p/t Drp-1 ratio particularly during reperfusion. Compared to their respective untreated control groups, melatonin significantly increased (>4x) p Drp-1 levels in the stabilisation (Fig 7A, B) Ischaemia as well as reperfusion significantly reduced mitofusin 2 expression, when compared with values obtained after the stabilization phase. Interestingly, while Opa1 (100kDa) levels did not change throughout the protocol, the 82kDa isomer showed an increase particularly after reperfusion (p < 0.05). Melatonin treatment was without effect on mitofusin 2 as well as Opa1 levels and the values did not differ from their untreated controls. 
Mitochondrial fusion
Discussion
For evaluation of the effects of I/R and melatonin treatment on mitochondrial function and mitophagy, use was made of the wellcharacterized in vitro model of the isolated perfused rat heart, a convenient and reproducible model to test mechanisms of myocardial injury and cardioprotection (for a review see ref 18) . The in vitro approach was preferred since its throughput is higher than in vivo, it eliminates the confounding effects of interventions on systemic blood vessels and allows accurate manipulation of drug concentrations. Furthermore, although in vivo coronary artery ligation yields reliable infarct production and is closer to the clinical scenario, the surgery is technically more challenging.
The protective effects of melatonin on mitochondria are multiple and have recently been reviewed by Tan and coworkers (see reference 10). These include a reduction in mitochondrial oxidative stress, preservation of mitochondrial membrane potential and efficiency of ATP production, reduction in cytochrome C release and apoptosis and mitophagy, amongst others. The present study described the effects of I/R on mitochondrial mitophagy focusing on the conventional as well as alternative pathways. Markers of alternative autophagy showed that I/R of the isolated perfused rat heart model not only had significant effects on the expression and distribution of these proteins within the cell, but that the beneficial effects of melatonin were also associated with major changes in this pathway.
Mitochondrial function
Exposure of the heart to 20 min global ischaemia per se was without effect on mitochondrial oxidative phosphorylation and significant changes were observed only after reperfusion (substrates: glutamate/ B Fig. 7. (continued) . malate) (Fig. 2) . These observations differ from the well-established deleterious effects of I/R on mitochondrial function [19, 20] and are possibly due to the relatively short period of global ischaemia employed. For example, Petrosillo and coworkers [12] showed that exposure of the isolated rat heart to 30 min global ischaemia/15 min reperfusion caused significant changes in mitochondrial oxygen consumption, H 2 O 2 production, lipid peroxidation, cardiolipin content and oxidation, and attributed attenuation of these changes by melatonin to the preservation of cardiolipin content and integrity.
Mitochondrial dysfunction is generally accepted as being a critical contributor to myocardial injury during I/R [19, 20, 21, 22] leading to decreased activity of complexes I [23, 24] and III, the latter being dominant in ROS generation [25, 26] .
In view of the harmful effects of ROS on mitochondrial function [26, 27] and the fact that melatonin is a free radical scavenger [10, 28] , it was surprising that its administration at both low and high concentrations had very little effect on mitochondrial function (Fig. 2) , apart from an increase the oxphos rate during reperfusion ( Supplementary Fig 2) . Whether the latter contributed to cardioprotection, remains to be established. Failure to directly link the significant reduction in infarct size ( Fig. 1) with changes in mitochondrial oxidative phosphorylation function may be due to differences in experimental protocol used (20 min global vs 35 min regional ischaemia).
Mitophagy: PINK1/Parkin pathway
The increase in cytosolic Beclin 1 expression and the LC3 II/I ratio of control hearts suggest upregulation of autophagy during reperfusion after 20 min global ischaemia (Fig. 3A, B) . To further evaluate mitophagy, we used a snap-shot approach by preparing mitochondria after stabilization, after ischaemia and after reperfusion. Although this approach does not indicate flux, expression of p62 is regarded as a reliable indicator of autophagic flux [29] with a reduction in its levels indicating flux upregulation. Thus, we focused on the PINK1/Parkin pathway [4, 30] as indicators of mitophagy: steady state mitochondrial PINK1 as well as Parkin levels declined throughout ischaemia and reperfusion, a finding in contrast to expectations of PINK1 accumulation on the outer mitochondrial membrane and phosphorylation of proteins such as Mfn2, to trigger the mitophagic process [4, 30] .
However the increase in mitochondrial p62 expression seen after reperfusion (Fig. 4) is suggestive of downregulation of mitophagy or decreased macroautophagy since cytosolic LC3 II/I can accumulate similarly to p62 if the autophagosomes are not cleared sufficiently. Upregulation of autophagy by myocardial I/R has been previously reported [31, 32] , but as far as we are aware, the mitochondrial PINK1/-Parkin pathway has not been evaluated simultaneously.
Although melatonin had few effects on the PINK1/Parkin pathway ( Fig. 4) , it significantly reduced mitochondrial p62 after reperfusion, suggesting upregulation of flux (possibly downstream of PINK1 and Parkin). The notion of melatonin-induced upregulation of autophagy is substantiated by the increased Beclin 1 levels and LC3 II/I ratio during reperfusion (the latter not being significant). Although melatonin has been reported to inhibit autophagy in tissues like the liver [33, 34] , promotion of autophagy by this compound has been demonstrated by several others [35, 36, 37, 38] in heart muscle which could contribute to cardioprotection [39, 40, 41] .
Expression of mitochondrial TOM70 was also evaluated as a possible indicator of mitophagy in myocardial ischaemia/reperfusion injury. TOM 70 is known to be essential for importing PINK1 into mitochondria [42] and to be critical for maintaining mitochondrial morphology and function [43] . For example Pei, and coworkers [43] showed that upregulation of TOM70 expression improved mitochondrial function and attenuated ischaemic injury. Although the changes were not significant, in the present study mitochondrial TOM70 expression was lowered by exposure of the heart to global ischaemia and increased during reperfusion, correlating with the well-known mitochondrial structural changes induced by ischaemia/reperfusion [44] (see Fig. 4B ). Although TOM70 expression in tissue was suggested to be important in the beneficial effects of melatonin in a model of permanent coronary artery ligation [43] , melatonin was without effect on its levels in mitochondria after I/R in global ischaemia (Fig. 4) , the significance of which needs further investigation.
The relatively modest effects of melatonin on the PINK1/Parkin pathway in heart mitochondria are in contrast to the very marked effects of the compound on mitophagy and mitochondrial biogenesis in liver fibrosis [45] . This could be due to the relatively small changes in mitochondrial function induced by I/R in our model.
Alternative pathways
A role for an alternative pathway of mitophagy [6] in myocardial I/R was also considered. Using cytosolic ULK1 phosphorylation (Ser555) as indicator of activation, our data suggest up and downregulation of this pathway in ischaemia and reperfusion respectively (Fig. 5A ). Ischaemia-induced AMPK activation [46] can account for the increased ULK1 phosphorylation during ischaemia, as reported by Tian and coworkers [47] while its reduction during reperfusion is probably due to reduced activation of AMPK during reperfusion [48] . Phosphorylation of ULK1 by AMPK regulates its translocation from the cytosol to mitochondria in Hela cells and MEFs [47] . However no ULK1 expression could be detected in mitochondria isolated from hearts during the perfusion protocol (data not shown). The reason for this is not clear and needs further investigation.
Interestingly, the cytosolic Rab9 expression followed a pattern opposite to that of total ULK1 expression in the cytosol, associated with exactly the opposite tendencies in mitochondrial Rab9 levels, suggestive of translocation of this protein from the mitochondria to the cytosol during ischaemia and vice versa during reperfusion. These observations suggest activation of an alternative mitophagy pathway during ischaemia/reperfusion, with significant movement of Rab9 between the mitochondria and cytosol, depending on the perfusion protocol.
Mitochondrial and cytosolic Drp-1 expression and phosphorylation were used to evaluate fission. Upon activation, cytosolic Drp-1 translocates to mitochondria where it dimerizes to initiate fission [49] . Dynamic changes in Drp-1 activity reflect rapid post-translational modification by phosphorylation and dephosphorylation, the best-characterized being phosphorylation at two sites: serine 616 phosphorylation causing activation and serine 637 phosphorylation causing inactivation [50, 51] . Phosphorylation of serine 637 was used as indicator of fission in this study.
Although the expression and phosphorylation of mitochondrial Drp-1 did not change significantly during the perfusion protocol, the significant reduction in cytosolic p and p/t Drp-1 suggested upregulation of fission in untreated ischaemic-reperfused hearts which was supported by the reduction in fusion (decreased Mfn2) ( Fig. 6A,B; Fig. 7A ). Although no measureable translocation of Drp-1 from the cytosol to the mitochondria was obtained in the present study, activation and translocation of Drp-1 from the cytosol to the mitochondria to initiate fission have been demonstrated in several experimental models of myocardial ischaemia/ reperfusion, using in vivo and ex vivo hearts as well as cell models (see references 1,2 for reviews). For example Sharp and coworkers [49] showed that diminished phosphorylation of Drp-1 Serine637 was associated with translocation and mitochondrial fission using hearts subjected to 30 min global ischaemia/20 min reperfusion. However, most of these studies focused on the outcome of ischaemia/reperfusion or hypoxia/reoxygenation, rather than on the effects of ischaemia alone, as was also done in the present study.
The pattern of effects of I/R on mitochondrial Drp-1 (Fig. 6A) is similar to those observed for PINK1 and Parkin (Fig. 4) . In COS cells loss of mitochondrial electron potential leads to recruitment of Drp-1 to mitochondria in the proximity of PINK1 and Parkin, suggesting that mitochondrial division occurs at sites where the PINK1/Parkin dependent mitochondrial clearance program is initiated [52] . Whether this also occurs in cardiomyocytes remains to be established.
The above changes in mitophagy may contribute to the reduced myocardial function during reperfusion: increased fission promotes I/R injury [49, 50] , while pharmacological inhibition of Drp-1 by Mdivi is cardioprotective [1, 2, 49, 53, 54, 55, 56] .
Melatonin and the alternative autophagy pathway
Melatonin had major effects on the alternative pathway during I/R, affecting the expression, phosphorylation and distribution of the proteins involved. Firstly, melatonin upregulated cytosolic tULK1 and pULK1, throughout the experimental protocol, probably due to AMPK activation, as demonstrated by Tian and coworkers [47] . Activation of AMPK by melatonin treatment has been demonstrated to occur in I/R hearts of diabetic rats [57] . Cytosolic Rab9 levels were also increased by melatonin, particularly during stabilization and reperfusion, albeit to a lesser extent.
Melatonin treatment profoundly affected intracellular distribution and phosphorylation of Drp-1 (Fig 6A,B) , causing significant upregulation of cytosolic Drp-1 Ser637 phosphorylation and the p/tDrp-1 ratio throughout the perfusion protocol. Interestingly, this appears to be a rapid response, since it was observed after only 30 min stabilization perfusion, without any interventions. Since upregulation of Drp-1 Ser637 phosphorylation is indicative of a reduction in its activation and inhibition of translocation to the mitochondria, this indicates that melatonin administration causes a significant reduction in mitochondrial fission during ischaemia and reperfusion. These changes occur concomitantly with a reduction in mitochondrial tDrp-1 expression which may be due to decreased translocation from the cytosol to the mitochondria. However, despite the reduction in mitochondrial tDrp-1, lowering of its phosphorylation and the p/tDrp-1 ratio (particularly during reperfusion), indicates activation of residual mitochondrial Drp-1 by melatonin and thus activation of fission. An attempt was made to calculate whether the inactivation of cytosolic Drp-1 supercedes the increased Drp-1 activation in the mitochondria: the activation of the mitochondrial p/tDrp-1 ratio after exposure to ischaemia averaged 35%, compared to the 254% increase in cytosolic p/t ratio induced by melatonin (indicative of inactivation).
It is generally accepted that under most conditions, an elevated melatonin concentration results in decreased mitochondrial fission but elevated fusion [10] . Most of these results were obtained in neuronal tissue [58, 59, 60] or neuroblastoma SH-SY5Y cells [61, 62] . It has also been reported to affect mitochondrial fission/fusion dynamics in diabetic retinas [63] .
As far as we are aware, this is the first report of the effects of melatonin on a number of proteins involved in alternative mitophagy in the I/ R heart. Melatonin causes a substantial increase in cytosolic ULK and DRP-1 phosphorylation and their p/t ratios as well as Rab9 levels, while reducing the mitochondrial Rab9 expression and Drp-1 phosphorylation, particularly during reperfusion. Melatonin also appears to mediate rapid translocation of these proteins between the cytosol and mitochondria. The results suggest that the significant changes in phosphorylation of cytosolic Drp-1 induced by melatonin is indicative of inhibition of mitochondrial fission.
An inhibitory effect of melatonin on mitochondrial mitophagy was however not observed in carbon tetrachloride-induced liver fibrosis [45] and brain tissue-induced inflammation [64] . These observations suggest that melatonin effects on mitochondrial mitophagy may differ between tissues and the type of damage experienced.
Sirt1 and PGC-1α
A role for Sirt1 and PGC-1α in melatonin-induced effects on mitochondrial fission via Drp-1 was also investigated. Sirt1 physically interacts with and deacetylates PGC-1α, its major downstream target, promoting mitochondrial biogenesis. It has been shown that activation of AMPK by melatonin plays a role in this regard by initiation of mitochondrial biogenesis via SIRT1 dependent deacetylation of PGC-1α or upregulation of its expression [45] .
Our results show the inhibitory effect of I/R on cytosolic Sirt1 levels ( Fig. 8) , confirming the in vivo findings of Yamamoto [65] . Melatonin significantly increased PGC-1α levels in the stabilization and reperfusion groups, indicating that this pathway may also contribute to its cardioprotective actions, via inhibition of Drp-1-mediated mitochondrial fission, confirming previous studies [45, 56] . Ding and coworkers [56] also suggested that melatonin attenuates the development of diabetes-induced cardiac dysfunction by preventing fission through this pathway.
Mitochondrial fusion
The mitochondrial proteins Mfn2 (outer membrane) and OPA 1 (inner membrane) were used as indicators of fusion [66, 67] .
Our results show a reduction in mitochondrial Mfn2 levels by both ischaemia and reperfusion, while OPA1 shows an increase during reperfusion. The latter observation is in contrast to a previous report [68] . However, the role of myocardial fusion proteins in terms of susceptibility to I/R injury appears to be complex and conflicting results have been reported [10, 69] . Overexpression of Mfn2 [70] and Opa1 [71, 72] was shown to be cardioprotective.
A recent study suggested that melatonin attenuates myocardial I/R injury via activation of the AMPK/Opa1 signalling pathway [73] . Little information is available regarding the effects of melatonin on mitochondrial Mfn2 in the heart. However, it has been shown to increase the expression of Mfn2 in the heart in post-myocardial infarction [74] and in renal convoluted tubules [75] . It is clear that the effects of melatonin on mitochondrial fusion in the myocardium need to be further investigated.
Limitations of the study
While appreciating the novelty of the discovery of melatonin effects on the alternative mitophagy pathway in myocardial stress, it is also clear that these beneficial effects need to further investigated and their significance in the outcome of I/R established. Firstly, despite the many advantages of the isolated perfused rat heart model [18] , it may not fully represent the in vivo response, as will be the case when using coronary artery ligation in vivo. Secondly, the significant effects of melatonin on the expression and intracellular trafficking of components of the alternative mitophagy pathway, should be expanded by evaluation of RIP1, another role player in this pathway, by examining its phosphorylation by Ulk1 and its phosphorylation of S616 of Drp-1. Thirdly, the significance of the different role players, particularly Drp-1, in melatonin-induced cardioprotection, should be determined by use of appropriate inhibitors and activators. Using a combination of melatonin and an inhibitor of mitophagy in our well-characterized model of ischaemia/reperfusion should also shed light on the contribution of melatonin-induced inhibition of fission to its potent cardioprotective actions. It should also be kept in mind that all measurements made in this study represent a snapshot approach, without evaluation of flux, as advocated by Gottlieb and coworkers [29] .
A study focusing on mitochondrial ultrastructure should also be useful in this regard. A recent study by Liu and coworkers [76] showed that intraperitoneal administration of melatonin before experimentation attenuated the ultrastructural changes characteristic of I/R.
Conclusions
The data obtained demonstrate for the first time that melatonin administration to the isolated perfused heart has, in addition to its other multiple actions, profound effects on the alternative mitophagy pathway, in addition to upregulation of autophagy during reperfusion. The results suggest that melatonin may, via its marked effects on cytosolic Drp-1 phosphorylation and activation, protect the myocardium in a manner similar to inhibitors of fission such as Mdivi [1, 2, 49, 53, 54, 55, 56] , Thus we suggest that, in addition to its other cardioprotective actions, such as free radical scavenging [8] or its anti-adrenergic properties [77] , melatonin also protects against I/R damage via inhibition of fission. Using a combination of melatonin and an inhibitor of mitophagy in our well-characterized model of ischaemia/reperfusion should also shed light on the contribution of melatonin-induced inhibition of fission to its potent cardioprotective actions.
Materials and methods
Experimental animals
Male Wistar rats (250-300g) were used for this study. All animals were housed in and obtained from the Stellenbosch University's Central Animal Research Facility located in the Faculty of Medicine and Health Sciences, Tygerberg. Animals were handled and cared for according to the accepted standards and use of animals in research and teaching as reflected in the South African National Standards document (SANS 10386:2008; available at www.sun.ac.za/research) of the South African Bureau of Standards. The animals were fed a standard rat chow diet and received access to food and water ad libitum. They were exposed to 12hour dark/light cycles (with light from 6am-6pm) at a constant temperature of 20-21 C.
Ethics approval was obtained from Research Ethics Committee: Animal Care and Use (REC: ACU) of Stellenbosch University (Faculty of Medicine and Health Science; Protocol #: SU-ACUM14-00039).
Isolated heart perfusions: infarct size
Rats were anaesthetised by intraperitoneal injection of sodium pentobarbitone (Bayer, Johannesburg, South Africa) (160 mg/kg). After rapid removal, the hearts were arrested in ice-cold modified Krebs-Henseleit buffer (KHB; substrate glucose 10mM) and subsequently mounted onto the aortic cannula and perfused with KHB as described before [77] .
For determination of the effects of melatonin on infarct size, preference was given to exposure of the hearts to regional ischaemia. Hearts were stabilized for a period of 30 min (10 min retrograde perfusion at 100 cm H 2 O, 10 min working heart perfusion (preload 15 cm H 2 O; afterload 100 cm H 2 O), followed by 10 min retrograde perfusion), then subjected to 35 min of regional ischaemia by ligation of the left anterior descending coronary artery, followed by 60 min of reperfusion. Melatonin (0.3 or 50 μM) was administered retrogradely for 10 min immediately before and after regional ischaemia. Myocardial temperature was carefully controlled at 36.5 C throughout the experimental protocol and monitored by inserting a temperature probe into the coronary sinus. Myocardial functional performance was measured during perfusion in the working mode at two time points namely prior to the induction of ischaemia as well as during reperfusion. Work performance was measured as described previously [78] .
Melatonin (0.3 or 50 μM) was administered retrogradely for 10 min immediately before and for 10 min after regional ischaemia.
Melatonin was dissolved in absolute ethanol (6mg/250 μl absolute ethanol) and the correct volume required added to 500 ml KHB buffer. A similar concentration of ethanol (without melatonin) added to the perfusate was without effect on all parameters measured (results not shown).
Infarct size was determined as previously described, using triphenyltetrazolium staining [78, 79] . The left coronary artery was ligated as high up as possible to ensure a reproducible area at risk which is prerequisite in studies on cardioprotection to allow comparison of infarct size between groups. The left ventricle area at risk, the infarcted and viable areas were drawn using computerized planimetry (UTHCSA Image Tool programme, University of Texas.
Isolated heart perfusions: mitochondrial studies
Mitochondria were isolated from hearts at different stages of the I/R protocol, i.e. at the end of 30 min of stabilization before onset of ischaemia (Stb), at the end of 20 min global ischaemia (Isch), as well as after 30 min reperfusion (10 min retrograde perfusion, 20 min working heart) (Rep).This allowed evaluation of the effects of ischaemia per se and also those of reperfusion in the absence or presence of melatonin (0.3 or 50 μM). For control purposes, a mitochondrial preparation isolated from a 5 min retrogradely perfused heart was included each day to serve as baseline.
Separate series of hearts were perfused for subsequent preparation of cytosolic samples at the same time points as listed above. These hearts were freeze-clamped and stored in liquid nitrogen until analysed.
Mitochondrial isolation procedure
Hearts allocated for mitochondrial isolation were placed in ice-cold isolation buffer (KE buffer: 0.18M KCL, 0.01M ethylenediaminotetraacetic acid (EDTA), pH 7.4, adjusted with 2M Tris) and mitochondria were isolated by differential centrifugation as described by Sordahl et al [80] . The mitochondrial pellet was divided in two: one half was dispersed in KE medium for immediate measurement of mitochondrial function, while the other half was dissolved in lysis buffer (see below) and stored at -80 C for subsequent western blot analysis. Protein determination for mitochondrial functional studies was done by the technique of Lowry and coworkers [81] .
Mitochondrial oxidative phosphorylation (oxphos) was measured polarographically at 27 C using an oxygraph (Hansatech Instruments, Bannan UK) and Clark electrode. The mitochondrial incubation medium contained (in mM): sucrose 0.25, Tris-HCl 10, pH 7.4, K 2 HPO 4 8.5, and glutamate 5/malate 2 (substrates for Complex I) or palmitoyl-L-carnitine 0.45/malate 2 (fatty acid beta-oxidation substrate) (pH 7.4). ADP (250-350 nmoles) was added to initiate State 3 respiration. Parameters investigated were the ADP/O ratio, State 3 respiration (mitochondrial respiration in the presence of ADP), State 4 respiration (mitochondrial respiration in absence of ADP). Mitochondrial respiratory rates (states 3 and 4) were expressed as nAtoms oxygen uptake/mg protein/min. The amount of ADP added to the incubation system was obtained spectrophotometrically (molar extinction coefficient of ADP: 15.4 at 259nm). The oxidative phosphorylation rates (nmoles ATP produced/mg prot/min) were calculated as follows: QO 2 (state 3) x ADP/O ratio.
Western blot technique
Western blotting was performed on cytosolic as well as mitochondrial samples. The proteins studied as well as the relevant cell fractions are summarized in Table 1 .
For cytosolic samples, heart tissue was homogenized with a Polytron homogenizer in 800 μL lysis buffer and the cytosolic fraction prepared as described by Fan et al [82] .
An aliquot of the mitochondrial pellet was homogenized in 200 μL of lysis buffer using a Bullet Blender TM (Next Advance Inc USA) at 4 C for 5 min with a scoop of 0.15 mm zirconium oxide beads equivalent to the pellet size. Samples were then microfuged at 15 000 g for 10 min to obtain the supernatant, the protein content of which was determined using the Bradford method [83] . The following primary antibodies (obtained from Cell Signaling, Danvers, MA, USA) were used: anti-PINK1 (cat no 6946S), anti-p62 (cat no 7695), anti-Rab9 (cat no 5133), anti-beclin 1 (cat no 3495), anti-Opa1(cat no 804715), anti-total (cat no 8054) and anti-phosphorylated ULK1 (S555) (cat no 5869), anti-total (cat no 5391) and anti-p-Drp-1 (S637) (cat no 6319), Sirt1 (cat no 9475), and PGC1-α (cat no 2178). Antibodies for TOM 70 were obtained from Santa Cruz (Dallas, Tex, USA, cat no sc-390545). Parkin (cat no ab77924), LC3 A/B (cat no ab 128025) and mitofusin2 (cat no ab104274) from were purchased from Abcam (Cambridge, UK). All antibodies were monoclonal except for p62, Parkin and p-Drp-1 which were polyclonal. Dilution for all primary antibodies was 1:1000. Conjugated horseradish peroxidase was used as secondary antibody, dilution 1:4000 (Cell Signaling cat no 7074).
Depending on the protein of interest, 30-60 μg were loaded and separated using twenty-six well Criterion TM 4-20% precast gradient gels (BioRad) and stain-free technology. With stain-free technology, the transferred proteins on the PVDF membrane were visualized in the ChemiDoc MP system (Bio-Rad Laboratories) to confirm equal loading. Furthermore, the intensity of bands detected by the ECL reaction, was normalized to the total proteins that were transferred in each lane, negating the use of a loading control. Four samples/group were included on the same gel plus a sample prepared from a heart of an unperfused age-matched control animal to act as standard for normalization of all data.
Statistical analysis
All data points were expressed as mean AE standard error of mean (SEM). Statistical analysis was performed using GraphPad Prism 6 software (GraphPad Software, Inc.). For infarct size evaluation, 9-14 hearts/ group were used. For mitochondrial function as well as western blotting, 5 hearts per group were prepared. In the case of western blotting, 4 samples/group were loaded onto the gels. A one-way analysis of variance (ANOVA) followed by a Bonferroni post-hoc correction test was used for the comparison of all the groups within the same perfusion condition/ protocol. Unpaired Student's t-test was used where appropriate. A p-value of 0.05 was deemed statistically significant.
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